A total of 10,154 5'-end expressed sequence tags (EST) were established from the normalized and size-selected cDNA libraries of a marine red alga, Porphyra yezoensis. Among the ESTs, 2140 were unique species, and the remaining 8014 were grouped into 1127 species. Database search of the 3267 non-redundant ESTs by BLAST algorithm showed that the sequences of 1080 species (33.1%) have similarity to those of registered genes from various organisms including higher plants, mammals, yeasts, and cyanobacteria, while 2187 (66.9%) are novel. Codon usage analysis in the coding regions of 101 non-redundant EST groups showing significant similarity to known genes indicated the higher GC contents at the third position of codons (79.4%) than the first (62.2%) and the second position (45.0%), suggesting that the genome has been exposed to high GC pressure during evolution. The sequence data of individual ESTs are available at the web site http://www.kazusa.or.jp/en/plant/porphyra/EST/. Key words: Porphyra yezoensis; Rhodophyta; red alga; EST; codon usage Porphyra is a genus of marine red algae, and a total of 133 species have been reported from all over the world 1 including several species of economic importance. Porphyra has a unique dimorphic life cycle consisting of two generations, a leafy gametophyte and a filamentous sporophyte, of completely different morphologies. The developmental process of its life cycle has been intensively investigated using one of the Porphyra species, Porphyra yezoensis?~h A laboratory culture system developed for this species has made it possible to reproduce a complete life cycle within a few months. Because of this system, Porphyra has recently been recognized as a model plant for fundamental and applied studies in marine biological sciences.
Porphyra is a genus of marine red algae, and a total of 133 species have been reported from all over the world 1 including several species of economic importance. Porphyra has a unique dimorphic life cycle consisting of two generations, a leafy gametophyte and a filamentous sporophyte, of completely different morphologies. The developmental process of its life cycle has been intensively investigated using one of the Porphyra species, Porphyra yezoensis?~h A laboratory culture system developed for this species has made it possible to reproduce a complete life cycle within a few months. Because of this system, Porphyra has recently been recognized as a model plant for fundamental and applied studies in marine biological sciences. 6 Moreover, the small genome size estimated to be 2.7-5.3 x 10 8 bp consisting of 2-7 chromosomes, 7 ' 8 which is the same order of magnitude as those of Arabidopsis thaliana and Oryza sativa, offers many approaches to study the genetics and genomics of Porphyra. Genetic analysis techniques are currently being developed for including a transformation system and AFLP mapping.
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The collection of expressed sequence tags (ESTs) has been performed to compile gene constituents of 17 They are mostly from Viridiplantae (green plants), and only a limited number of ESTs are available for plants in other classes. With a final objective of understanding the genetic system in red algae, we initiated a large scale EST analysis of P. yezoensis. As the first part of this project, 10,154 ESTs have been established from normalized and size-selected cDNA libraries from a mixture of gametophytic and sporophytic tissues of P. yezoensis Ueda (strain TU-1). In this paper, details of EST collection and the features of the obtained ESTs revealed by the computer analyses are reported.
Construction and Qualification of cDNA Libraries
Leafy gametophytes of Porphyra yezoensis Ueda (strain TU-1) 6 were grown in weekly renewed ESL medium containing 3.5% Sealife powder (Marinetech Co., Ltd., Japan) and 1% (v/v) ESS 2 stock solution bubbling for 4 weeks. Development of sporophytes was observed which constituted less than 5% of the harvested thalli. Total RNA was extracted by the modified SDS/phenol method. 19 Briefly, 5.0 g of frozen thalli of P. yezoensis were ground to powder in liquid nitrogen and treated with 10 ml of 1 M Tris-HCl (pH 9.0)/1.0% SDS and 10 ml of phenol (pH 9.0). After extraction with 10 ml of phenol/chloroform (pH 9.0) for four times, the sample was mixed with the equal volume of 4 M LiCl and kept at 4°C for overnight. Total RNA was precipitated by centrifugation at 8000xg for 30 min. Poly(A)+ RNA was purified from the total RNA as described previously. 17 Eight micrograms of Poly(A) + RNA was used as a template for synthesis of cDNA. Size-selection and cloning of cDNA was performed as described. 17 Normalization was performed for the library containing 0.5-3 kb fragments as described. 17 ' 20 The normalized library contained 2 x 10 5 independent clones. The cDNA library containing fragments of over 3 kb was named the size-selected library. This library contained 1 x 10 4 independent clones. Figure 1 shows the distribution of the insert length of the clones which were subjected to sequence analysis. The average lengths of the inserts for the normalized and size-selected libraries were 0.97 kb and 2.09 kb, respectively. The quality of libraries with respect to coverage of 5'-termini was assessed by comparison of the 5'-end sequences to known protein sequences. Among the 106 clones randomly chosen from the normalized library and the 105 clones from the size-selected library, 74 (69.8%) and 69 (65.7%) were found to contain the translation initiation codon indicating that roughly two-thirds of the cDNA clones in both libraries are full-length. a) showed similarity to genes of known function, b) showed similarity to hypothetical genes that have no definition of function, c) showed no similarity.
Features of Generated ESTs
Single-pass sequencing from the 5' end of the cDNA was performed for 10,154 clones from both normalized and size-selected libraries according to the procedure described previously. 17 The vector-derived sequence and ambiguous sequences were removed from the collected EST sequences prior to the computer analyses. The average length of ESTs thus obtained was 470 bp and the average GC content was 65.2%.
To identify the number of independent EST species, clustering of the EST sequences was performed. The end sequences were compared with a dataset of itself using the BLASTN program, 21 and clones that showed over 95% identity for more than 100 bp were included in the same group. As a result, a total of 3267 non-redundant EST groups were obtained, of which 1127 were generated by clustering of 8014 ESTs while 2140 were unique. It should be noted however that the number of EST species generated does not indicate the number of the corresponding genes because non-redundant ESTs may originate from different regions of a single gene.
Database Search
Each sequence from the 3267 non-redundant EST species was translated into amino acid sequences in six frames and subjected to similarity search against the NCBI-provided non-redundant protein database, nr, using the BLASTX program. Similarity between a deduced amino acid sequence and a known sequence was judged to be significant when the P value was less than 1.0" 14 . As a result, 1080 (33.1%) of the 3267 clustered ESTs showed sequence similarity to genes registered in the public databases, and 2187 (66.9%) were novel sequences (Table 1) . Similar features have been reported in the EST analysis of a green alga, Chlamydomonas reinhardtii, where 2616 (76.2%) out of 3433 non-redundant EST species were novel. 17 By contrast, only 2692 (37.7%) out of 7137 non-redundant EST species in a legume, Lotus japonicus, were new sequences. 22 The reason for this feature could be that fewer sequences from red and green algae have been registered in the public DNA databases compared to those from higher plants. Another possibility is that, because the Rhodophyta group including P. yezoensis and the Viridiplantae group (green plant) are evolutionary distant, genes specific to each group and/or with highly divergent sequences may be present. The details of search results are provided through World Wide Web at http://www.kazusa.or.jp/en/plant/porphyra/EST/.
Genes which showed sequence similarity to those registered in the public DNA databases were classified according to the biological roles or biochemical functions 23 ( Table 2 ). Notable features found so far are as follows:
1. 41.9% of them were similar to protein sequences from higher plant species largely obtained from Arabidopsis thaliana. However, significant portions showed similarity to genes of divergent species: 18.0% showed similarity to proteins from mammals, 8.2% to yeast, 7.1% to cyanobacteria (Synechocystis sp., Synechococcus sp., and Anabaena sp.), 5.4% to green alga (Volvox sp., Chlamydomonas sp., and Chlorella sp.), and 5.4% to red alga (Gracilaria sp., Porphyra purpurea, Cyanidium caldarium, and Porphyridium cruentum).
A homologue of phytohormone-induced protein in higher plants have not been found in the P. yezoensis EST collection.
It is notable that a homologue of Dwarf 1-encoding gene was obtained, which was reported to be involved in brassinosteroid biosynthesis. 24 3. Several homologues of genes in higher plants associated with growth and development were obtained. These include AGO I, 25 CONSTANS 26 and a senescence-associated gene. 27 
Features of Protein-Coding Regions
To characterize the features of coding regions of P. yezoensis genes, consensus sequences were generated by assembly of EST sequences. The sequences of 101 nonredundant EST species which showed relatively high similarity (score >200 and P<1.0~1 5 ) to known gene sequences were translated into amino acid sequences. Sixty-one out of 101 EST sequences contained a putative stop codon followed by the 3' untranslated region. The GC content of the predicted coding region (61.7%) was slightly higher than that of the predicted 3' untranslated region (59.3%). The codon usage was analyzed using sequences of predicted coding regions of 101 assembled non-redundant EST sequences containing 21,739 codons. As shown in Table 3 , no strong bias in frequency of codon usage was observed. One notable feature is that the codons with G/C at the third position are frequently utilized: The GC content of the third position (79.4%) was much higher than that at the first (62.2%) and second (45.0%) positions (Table 3 ). This suggests that the genome of P. yezoensis has been exposed to high GC pressure during evolution. These characteristics of base preference may be useful for prediction of proteincoding regions in the Porphyra yezoensis genome. The EST sequences reported in this paper appear in the GenBank/EMBL/DDBJ databases with accession numbers AV429311-AV439464.
